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Abstract U.S. Tsunami Warning Centers use real-time bottom pressure (BP)
data transmitted from a network of buoys deployed in the Pacific and Atlantic
Oceans to tune source coefficients of tsunami forecast models. For accurate coef-
ficients and therefore forecasts, tides at the buoys must be accounted for. In this
study, five methods for coefficient estimation are compared, each of which accounts
for tides differently. The first three subtract off a tidal prediction based on (1) a
localized harmonic analysis involving 29 days of data immediately preceding the
tsunami event, (2) 68 pre-existing harmonic constituents specific to each buoy, and
(3) an empirical orthogonal function fit to the previous 25 hrs of data. Method (4)
is a Kalman smoother that uses method (1) as its input. These four methods
estimate source coefficients after detiding. Method (5) estimates the coefficients
simultaneously with a two-component harmonic model that accounts for the tides.
The five methods are evaluated using archived data from eleven DART R© buoys,
to which selected artificial tsunami signals are superimposed. These buoys rep-
resent a full range of observed tidal conditions and background BP noise in the
Pacific and Atlantic, and the artificial signals have a variety of patterns and in-
duce varying signal-to-noise ratios. The root-mean-square errors (RMSEs) of least
squares estimates of sources coefficients using varying amounts of data are used
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to compare the five detiding methods. The RMSE varies over two orders of mag-
nitude between detiding methods, generally decreasing in the order listed, with
method (5) yielding the most accurate estimate of source coefficient. The RMSE
is substantially reduced by waiting for the first full wave of the tsunami signal to
arrive. As a case study, the five method are compared using data recorded from
the devastating 2011 Japan tsunami.
Keywords Tsunami forecasting · Tsunami source estimation · DART R© data
inversion · Tsunameter · 2011 Honshu tsunami · 2011 Japan tsunami · 2011
Tohoku tsunami
1 Introduction
To collect data needed to provide coastal communities with timely tsunami warn-
ings, the National Oceanic and Atmospheric Administration (NOAA) has deployed
an array of Deep-ocean Assessment and Reporting of Tsunamis (DART R©) buoys
at strategic locations in the Pacific and Atlantic Oceans (Gonza´lez et al., 2005;
Titov et al., 2005; Spillane et al., 2008; Mofjeld, 2009). When a tsunami event
occurs, data from these buoys are analyzed at U.S. Tsunami Warning Centers
(TWCs) using the Short-term Inundation Forecast for Tsunamis (SIFT) applica-
tion (Gica et al., 2008; Titov, 2009). The SIFT application was developed by the
NOAA Center for Tsunami Research to rapidly and efficiently forecast tsunami
heights at specific coastal communities. SIFT compares DART R© buoy data with
precomputed models as one step in creating the forecast. Matching precomputed
models with data requires that any tidal components in the data be either removed
or compensated for in some manner, an operation that we refer to as detiding. To
facilitate the operational needs of SIFT, detiding of data from DART R© buoys
must be done as soon as possible after the data become available.
In the course of developing the SIFT application, we have entertained multi-
ple methods for detiding DART R© buoy bottom pressure (BP) data nearly in real
time. In this paper we compare five such methods using archived data collected
by eleven DART R© buoys. These buoys are deployed in both the Pacific and At-
lantic Oceans in places with different tidal regimes. Besides the dominant tides,
the archived data contain other BP fluctuations of the kind that would be present
during an actual tsunami event. We take data from periods when no known sig-
nificant tsunamis occurred and introduce an artificial tsunami signal. Each signal
is patterned after a precomputed computer model for an actual tsunami event.
The magnitude of the artificial event is controlled by a source coefficient α. We
consider five different methods for extracting the artificial tsunami signal, each of
which handles the tidal component in a different manner. We assess how well each
of the five detiding methods allows us to extract the known α. By repeating this
scheme for many different combinations of DART R© data and artificial tsunami
signals, we can evaluate how well the five detiding methods work under idealized
conditions (thus, while we make use of observed tidally-dominated data, we do not
take into consideration confounding factors, an important one being a mismatch
between the actual tsunami event and our model for it).
The remainder of the article is organized as follows. In Sect. 2 we review the for-
mat of BP measurements from DART R© buoys as received by U.S. TWCs. We next
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describe construction of simulated tsunami events, which are formed by adding
archived data from eleven representative buoys to associated models for tsunami
signals (Sect. 3). We give details about the five methods for extracting tsunami
signals in Sect. 4. The first two are well-known methods based on harmonic models.
The next two are non-standard linear filters that utilize either empirical orthogonal
functions or Kalman smoothing in conjunction with a local-level state space model.
The final method, which is based on a regression model that includes terms for
both the tsunami signal and tidal components, proves to be the method of choice
in study described in Sect. 5. We compare the five methods using DART R© buoy
data collected during the devastating 2011 Japan tsunami in Sect. 6. We state our
conclusions and discuss our results in Sect. 7.
2 Bottom pressure measurements from DART R© buoys
A DART R© buoy actually consists of two units: a surface buoy and a unit located
at the bottom of the ocean with a pressure recorder (Gonza´lez et al., 2005; NOAA
Data Management Committee, 2008; Mofjeld, 2009). The bottom unit stores mea-
surements of water pressure integrated over non-overlapping 15-sec time windows,
for a total of 60 × 4 = 240 measurements every hour. These internally recorded
measurements only become fully available when the bottom unit returns to the
surface and is recovered for servicing (time between servicings can be as long as
two or three years). We refer to the internally recorded data as the 15-sec stream.
Normally the buoy operates in standard reporting mode in which the bottom unit
packages together one measurement every 15 minutes (a 60 fold reduction in data)
over a 6-h block for transmission via acoustic telemetry up to the surface buoy
once every 6 h. The surface buoy then relays the data up to the Iridium Satel-
lite System for dissemination to the outside world. We refer to data collected in
standard reporting mode as the 15-min stream.
When a typical tsunami event occurs, the bottom unit detects a seismic event,
which causes the DART R© buoy to go into event reporting mode. The transmission
of the 15-min stream is suspended while the DART R© buoy is in event reporting
mode. As part of this mode, the bottom unit averages together four consecutive
15-sec measurements and transmits these averages up to the surface buoy. We
refer to these data as the 1-min stream. An additional 2 hours of 1-min data are
transmitted on the hour during the event reporting mode. When the outside world
first gets access to the 1-min stream, there can be a gap between it and the most
recent value of the 15-min stream ranging up to almost 6 h. After the on-hour
data transmission an additional 1 to 2 hours of 1-min data before the event will
be available. If we assume that tsunami events commence at random within the
6-h reporting cycle for the 15-min stream, then the average size of this gap will
be 3 h. The data that are thus typically available during a tsunami event are a
portion of the 15-min stream prior to the event and a 1-min stream that becomes
available piece-by-piece in real time as the event evolves and that contains at least
1 h of data occurring before the event.
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3 Scenarios and artificial tsunami signals
The goal of this paper is to objectively compare different detiding methods for
extracting tsunami signals in near real-time. A model for what is recorded by a
DART R© buoy during a tsunami event has three components: a tsunami signal,
tidal fluctuations and background noise. The latter is due to seismic, meteoro-
logical, measurement and other nontidal effects (Cartwright et al., 1987; Niiler
et al., 1993; Webb, 1998; Cummins et al., 2001; Mofjeld et al., 2001; Zhao and
Alford, 2009). The purpose of detiding is to compensate for tidal fluctuations in
the recorded data (Consoli et al., 2014). Although DART R© buoys have recorded a
number of tsunami events, use of these data to evaluate different detiding methods
is problematic: we ideally need to know the true tidal fluctuations, and these are
not known to sufficient accuracy for actual data due to the presence of background
noise. One solution is to simulate each of the three components. In combining these
components to simulate tsunami events, we would then know the true tidal fluc-
tuations and thus be in a position to quantify how well different detiding methods
did; however, simulating tidal fluctuations and background noise in a manner that
does not give an unfair advantage to certain detiding methods is tricky. We can
bypass simulation of both tidal fluctuations and background noise by making use
of actual BP measurements from DART R© buoys under the realistic assumption
that significant tsunami signals are rare events.
In this paper we use archived 15-sec streams retrieved from eleven represen-
tative DART R© buoys. The buoys are in the Atlantic and Pacific Oceans and are
listed in Table 1. Their locations are displayed in Fig. 1. These particular buoys
were chosen because the data they collect represent four well-known types of tides,
hence offering the study of detiding over a broad range of ocean tidal conditions.
All data were obtained from NOAA’s National Geophysical Data Center (NGDC;
the reader is referred to Mungov, et al., 2012, for details about data collection and
processing). The units for the data archived by NGDC are in pounds per square
inch absolute (psia), which we convert to water depth in meters by multiplication
by 0.67 m/psia (this conversion factor is based on a standard ocean, but its value
does not impact any of the results we present).
As documented in Table 1, we have from 321 to 998 days of 15-sec streams for
each of the eleven buoys. We use these streams to construct ‘scenarios’ mimicking
the tidal fluctuations and background noise that might have been present in 15-
min and 1-min streams available during an actual tsunami event. To do so for a
particular buoy, we start by selecting a random starting time t0. The first part of
the scenario associated with t0 consists of a 29-day segment of a 15-min stream
extracted by subsampling from the 15-sec stream immediately prior to t0. To mimic
typical operational conditions, we create a 3-h gap prior to t0 by eliminating part
of the constructed 15-sec stream. Using data from the 15-sec stream occurring
immediately after t0, we form a 1-day segment of a 1-min stream by averaging
four adjacent values. The constructed 15-min and 1-min streams constitute one
scenario. For each buoy we form a total of 1000 scenarios with starting times t0
chosen at random without replacement from the set of all possible starting times
(for example, as indicated in Table 1 for buoy 21416, this set ranges from 29 days
after 07/25/2007 up to 1 day prior to 07/01/2009). Figure 2 shows an example of
one scenario. (There are occasional missing values in the 15-sec streams archived
by NGDC. These can lead to gaps in a constructed 15-min stream in additional to
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the usual 3-h gap prior to t0. All of the detiding methods in our study can handle
these gaps. If, however, the missing values lead to gaps in the constructed 1-min
stream, we have elected to disregard the chosen t0 and randomly pick a new one
merely to simplify evaluation of the performance of the various detiding methods.
Thus, a given scenario can have gaps at arbitrary times in its 15-min stream, but
none in its 1-min stream.)
With tidal fluctuations and background noise being handled using actual data
from DART R© buoys, we now turn our attention to simulating tsunami signals and
combining these with the other two components to simulate the 1-min streams
observed during a tsunami event. Let y¯ be a vector containing a simulated 1-min
stream observed during a tsunami event starting at time t0 and lasting for one day
(the bar over y is a reminder that the 1-min stream is produced from four-point
averages of the 15-s stream). We model this vector as
y¯ = x + α1g1 + · · ·+ αKgK + e, (1)
where x, g1, . . . , gK and e are vectors representing, respectively, tidal fluctuations,
components derived from K ≥ 1 unit sources (these collectively serve to model the
tsunami signal) and background noise, while α1, . . . , αK are K nonnegative scalars
known as source coefficients (Percival et al., 2011). Forming the gk’s is discussed
in detail in Titov et al. (1999) and Gica et al. (2008), and the following overview
is taken from Percival et al. (2011). Tsunami source regions are defined along
subduction zones and other portions of oceans from which earthquake-generated
tsunamis are likely to occur (see the solid curves on Fig. 1). Each source region is
divided up into a number of unit sources, each of which has a fault area of 100×
50 km2. For each pairing of a given DART R© buoy with a particular unit source, a
model gk has been calculated predicting what would be observed at the buoy from
time t0 and onwards based upon the assumption that the tsunami event was caused
by a reverse-thrust earthquake with standardized moment magnitude MW = 7.5
starting at t0 and located within the unit source. The source coefficient αk is used
to adjust the standardized magnitude in the model to reflect the magnitude in an
actual tsunami event. The sum of the αk’s is a measure of the overall strength of
the tsunami event and provides initial conditions for models that predict coastal
inundation. As discussed in Percival et al. (2011), given K candidate unit sources
and based on varying amounts of data, a least squares procedure can be used to
obtain statistically tractable estimates of the αk’s under the assumption that the
tidal fluctuations x are known to reasonable accuracy.
To focus on detiding, we assume a simplified version of Equation 1, namely,
y¯ = x + αg + e; (2)
i.e., the simulated 1-min stream involves just a single unit source and a single
source coefficient. The scenarios for a given buoy are stand-ins for x + e. We take
the unit source-based g and multiply it by α to form an artificial tsunami signal
αg. From an examination of actual tsunami events, we set α = 6 as a representative
source coefficient. Figure 3 shows an example of constructing a simulated tsunami
event based upon the 1-min stream shown in Fig. 2 and a unit source chosen for
DART R© buoy 52402.
For each of the eleven buoys in our study, we picked from three to seven unit
sources with different orientations with respect to the buoy – these choices are
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listed in Table 2 and depicted as solid circles in Fig. 1. For DART R© buoys near
a subduction zone, we selected the closest unit source so that the buoy would be
in the main beam of the radiated tsunami energy. We then added two additional
unit sources, bearing 30 to 45 degrees to either side of the first, to represent waves
traveling obliquely toward the buoy. In the case of DART R© buoy 21416, which is
representative of the northwest Pacific and proximate to both the Aleutian and
Kamchatka source regions, we selected unit sources from both regions. Buoy 32411
(located close to both Central and South America) has a similar geometry, so we
chose three unit sources from Central America and three from South America.
For mid-ocean buoys (51406, 51407 and 44401), we selected unit sources from
several subduction zones to which the buoy might respond. There are 42 unit
sources in all, 5 of which are used by two buoys, for a total of 47 pairings of
buoys and unit sources. Each pairing leads to a different artificial tsunami signal
αg. Twelve representative signals are shown in Fig. 4 (here the coefficient α is
adjusted separately for each signal merely for plotting purposes – the actual range
for all 47 g’s is listed in Table 2 and varies from 0.2 to 13.1 cm). Each plot
shows a 120-min segment of a given artificial tsunami signal αg, one point for each
minute, but a different segment for each signal. For use later on, five hand-picked
points are colored red. From left to right, the first four of these points mark the
approximate occurrence of a quarter, a half, three-quarters and all of the first full
wave comprising the signal (Table 2 lists the actual times associated with these
points). The final (right-most) point marks one hour past the end of the first full
wave.
Each of the eleven buoys is represented once in Fig. 4, except for buoy 32411,
which has two signals associated with it that are visually quite different (left-hand
and middle plots on second row). One of these two depicted signals (cs027b, left-
hand plot, second row) is generated from the same 100 × 50 km2 region as the
signal depicted for 51406 (left-hand plot, bottom row). Again these two signals
are visually quite different. These duplicate-buoy/duplicate-unit-source pairings
illustrate the fact that each signal depends upon both the location of the buoy
and the location of the unit source.
Figure 5 shows 120-min segments of twelve simulated tsunami events, each of
which make use of the artificial tsunami signals shown in corresponding plots of
Figure 4. These events were formed by adding αg (with α now set to 6) to the
1-min stream from a randomly chosen scenario for each buoy (the scenario chosen
for buoy 52402 is the same one used in Fig. 3 – thus the left-most plot in the third
row of Fig. 5 is a zoomed-in version of bottom plot of Fig. 3). The vertical axis for
each plot in Fig. 5 spans 1.2m. It is easy to visually pick out the tsunami signal
in some plots, but harder in others, which illustrates the fact that, even though
α = 6 in all cases, the signal-to-noise ratio varies substantially.
4 Methods for handling tides in bottom pressure measurements
Here we describe five methods that take BP measurements y¯ and use them to
estimate the source coefficient α in Equation 2. Each method deals with the tidal
fluctuations x in a different manner. The first four methods do so by predicting or
estimating the fluctuations using, say, xˆ. This prediction is then subtracted from
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y¯ to yield detided BP measurements:
d = y¯ − xˆ = αg + ,
where  = e + x − xˆ is an error term encompassing both background noise and
inaccuracies in predicting the tidal fluctuations. Given the detided measurements,
we then use the ordinary least squares (OLS) method to estimate α, yielding the
estimator
αˆ =
gTd
gTg
, (3)
where gT denotes the transpose of the vector g. The fifth method is different
from the other four in that it uses OLS to create d and to estimate α jointly.
The inversion algorithms for estimating source coefficients from multiple buoys
currently in SIFT (Percival, et al., 2011) and under development (Percival, et
al., 2014) are based on least squares methods, but go beyond OLS by including
nonnegativity constraints and penalties to induce automatic unit source selection.
These algorithms assume the model of Equation 1 for the multiple buoys, but
proceed under the assumption that the BP measurements have been adjusted so
that tidal fluctuations have been removed as much as possible. For studying how
best to deal with tides, it suffices to use a single buoy and the simplified model
of Equation 2, and there is no real gain in using anything other than the OLS
estimator of Equation 3.
The first two of the five methods are based on harmonic modeling, which we
describe in Sect. 4.1. The third method is based on empirical orthogonal functions
(Sect. 4.2), while the fourth employs Kalman smoothing, but makes use of har-
monic modeling for initialization purposes (Sect. 4.3). Sect. 4.4 describes the fifth
method, which in part involves a simplified version of harmonic modeling.
4.1 Harmonic modeling methods
The harmonic prediction method is the standard one used by NOAA to predict
the tides at coastal stations. For detiding DART R© data, it can be thought of as the
classic method of tidal prediction. It assumes that the tides are sums of sinusoidal
constituents, each with its own frequency. To make tidal predictions at a DART R©
station, the amplitude and phase lag of each constituent are determined via a tidal
analysis of observed BP data.
The first detiding method is a harmonic prediction method that carries out the
tidal analysis in the following manner. Consider one of the scenarios described in
Section 3. Each scenario consists of a one-day segment of a 1-min stream starting at
time t0, which is preceded by 29 days (less 3 hours) of a 15-min stream. Without
loss of generality, set t0 = 0 to simplify the discussion, and let yn denote an
observation from the 15-min stream, but with n indexing the underlying 15-sec
stream from which the 15-min stream is subsampled; i.e., the actual time associated
with yn is n∆, where ∆ = 15s. Assuming yn to be tidally dominated, we entertain
a harmonic model of the form
yn = µ+
M∑
m=1
Am cos(ωmn∆− φm) + en (4)
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= µ+
M∑
m=1
[Bm cos(ωmn∆) + Cm sin(ωmn∆)] + en (5)
for n = −780,−840, . . . ,−166920,−166980 (note that index n = −780 corresponds
to the last value in the observed 15-min stream, which occurs prior to the 3-h gap,
while n = −166980 indexes the first value, which occurs 29 days prior to t0 = 0).
In the above µ is an unknown overall mean level; ωm is one of M known tidal
frequencies; Bm and Cm are unknown coefficients that can be used to deduce the
amplitudes Am and phase lags φm; and en is a residual term (hopefully small).
We use an OLS fitting procedure to estimate µ, Bm and Cm via, say, µˆ, Bˆm and
Cˆm. If we replace µ, Bm and Cm by their estimates, we can then use the right-
hand side of Equation 5 with the residual term set to zero to predict what the
tidal fluctuation should be at any desired time index n. After an artificial tsunami
signal is added to the 1-min stream of the scenario to form a tsunami event, we
detide this stream by forming
dn = y¯n − µˆ− 1
4
3∑
k=0
M∑
m=1
[
Bˆm cos(ωm[n+ k]∆) + Cm sin(ωm[n+ k]∆)
]
(6)
for n = 0, 4, . . . , 5756, 5760, where y¯n is an element from the 1-min stream y¯. For 29
days of prior data, we make use of M = 6 tidal frequencies ω1, . . . , ω6 commonly
referred to as N2, M2, S2, Q1, O1 and K1 (see, e.g., Table 1 in Ray and Luthcke,
2006). The dn’s given above form the elements of the vector d used to form the
estimator αˆ of Equation 3.
The first row of Fig. 6 shows detided BP measurements dn corresponding to
the simulated tsunami event shown in the bottom plot of Fig. 3. Visually there is
evidence that this detiding is not entirely satisfactory: there is a systematic drift
downwards over the first hour that arguably is due to tidal fluctuations and thus
should not be present in dn. As described in the caption to the figure, the five black
circles mark various time points associated with the artificial tsunami signal. If
we place the data from t0 up to one of these five time points into the vector d
and create the corresponding vector g, we can obtain an estimate of the source
coefficient α using Equation 3. The resulting estimates αˆ are listed in the first row
of Table 3. Recalling that the true value of α is 6, we see that, not unexpectedly, the
better estimates are associated with larger amounts of data. Looking at estimates
based on varying amounts of data is of considerable operational interest. As more
BP measurements become available as a tsunami event evolves, we can expect in
general to get better estimates of α, but at the expense of a delay in issuing timely
warnings. Determining how much an estimate of α is likely to improve by waiting
for more data is vital for managing the trade-off between accuracy and timeliness.
For this example, there is improvement in waiting until the first full wave occurs,
but none in waiting an hour past that time.
The second detiding method is based on a harmonic analysis that, for a given
buoy, is based on all the 15-s data listed for it in Table 1. This ‘blanket’ harmonic
model has the same form as Equation 4, but now the time index n increases in steps
of one rather than 60, and we use M = 68 sinusoidal constituents. For optimal
accuracy of this type of an analysis, the measurements should span at least one
year, which Table 1 indicates is true for all buoys with the exception of 41420
(this buoy has 321 days of data, slightly less than a year). The tidal predictions
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are made by adjusting the lunar harmonic constants for perigean (8.85-year) and
nodal (18.6-year) variations in the moon’s orbit, computing the height associated
with each constituent at the times of interest, and then summing these heights
to yield the prediction. Detiding of the 1-min series in a scenario is accomplished
using an equation similar to Equation 6, the only difference being that the overall
mean level µ is estimated using the scenario’s 15-min stream rather than being pre-
specified. A particular strength of the second detiding method is that it requires
minimal use of the 15-min stream (it is only used to estimate µ). In one extreme
case, this stream was entirely missing for buoy 21416 over a six-week period prior
to 1/15/2009, when a Kuril Islands event triggered reporting of the 1-min stream.
If the 15-min stream is not available, it is possible to estimate µ using just the
1-min stream, but care would be needed to ensure that the tsunami signal does
not unduly distort the estimate.
A number of software packages are available to do tidal analyses of observations
and to make the tidal predictions, a standard one being the Foreman FORTRAN
77 package (Foreman, 1977, revised 2004). For our study, we used tidal predictions
generated by NGDC (see Mungov et al., 2012, for details).
The second row of Fig. 6 shows detided BP measurements dn produced by
this second harmonic method. In contrast to the first method, we no longer see a
systematic drift downwards over the first hour; however, the dn’s during that hour
are systematically elevated above zero, which is questionable. The five estimates αˆ
corresponding to different amounts of data are listed in the second row of Table 3.
These estimates are worse than the ones we obtained from the first harmonic
method except when using the largest amount of data; however, we shouldn’t rely
on this single example to draw conclusions about the relative merits of the two
harmonic methods – see the discussion in Section 5.
When tidal predictions are subtracted from BP measurements, fluctuations
always remain in the tidal bands. They are due to non-stationary fluctuations,
non-linear tides, and tidal constituents not accounted for in the tidal analysis.
Of these, internal tides are certainly significant. They are generated around the
ocean margins and shallow ridges and then propagate elsewhere in the ocean (e.g.,
Cummins et al., 2001; Zhou and Alford, 2009). The residual tides limit the degree
to which the total tide can be removed from BP data through simple subtraction
of a predicted tide, even when the tidal analysis is performed on the same time
series (as is the case here).
4.2 Empirical orthogonal function method
The two best known approaches for detiding data are to subtract off a prediction
from a harmonic model (as described in the previous section) and to subject the
data to a linear time-invariant (LTI) high-pass filter. To isolate a tsunami signal
without distortion, the high-pass filter should retain components with periods as
long as 2 hrs. The so-called ‘edge effects’ of such a filter distort at least 1-hr sections
at the beginning and at the end of the tsunami signal. Thus an LTI filter cannot
reliably isolate a tsunami signal immediately after it is registered by a DART R©
buoy, whereas it is desirable to make use of this data as soon as possible following
the start of a tsunami event. Moreover, most digital filters are designed to work
with regularly sampled data and are not easy to adapt if there are gaps in the
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data. While the BP unit in a DART R© buoy internally records a measurement
once every 15 s, only gappy segments of these data (or 1-min averages thereof) are
typically available externally following an earthquake event.
In this section and the next, we explore two approaches to detiding involving
linear (but not time-invariant) filters. These approaches are tolerant of data gaps
and are less prone to edge effects, thus overcoming the two problems we noted
about standard LTI high-pass filters. The first approach is based on extracting the
tidal component in a segment of data by back and forth projection onto a specific
sub-space in an N-dimensional space of vectors. The sub-space is spanned by the
empirical orthogonal functions (EOFs) of segments of length N of archived 15-
min streams from DART R© buoys (Tolkova, 2009; Tolkova, 2010). The following
description of this approach is based on Tolkova (2010), to which we refer the
reader for more details.
The EOF method relies on the premise that, due to the structure of tides in the
deep ocean, the sub-space spanned by the leading EOFs of tidally dominated data
segments of up to 3-days in length is fairly universal across various DART R© buoys.
Oceanic tidal energy is concentrated in the long-period, diurnal, and semidiurnal
frequency bands centered around 0, 1, and 2 cycles per day (cpd). The effective
diurnal band is from 0.8 to 1.1 cpd, and the semidiurnal, from 1.75 to 2.05 cpd, so
the bandwidth for both bands is 0.3 cpd (Munk and Cartwright, 1966). Tidal mo-
tion thus has two inherent time scales: one day (the apparent tidal quasi-period)
and 3.3 days (the shortest tidal segment from which we can in theory resolve indi-
vidual constituents within either of the two major bands). Since tides at different
locations differ only in the fine structure of the tidal bands, the premise behind
the EOF method says that the sub-space spanned by the leading EOFs of tidal
segments is essentially the same at all DART R© locations as long as the segment
length is so short as to not allow resolution of the fine structure in the tidal bands.
Tolkova (2010) computed the basis of the EOF sub-space of tidally dominated
data encompassing one lunar-day (24 h 50 min) using an ensemble of 250 segments
taken from DART R© buoy 46412 in 2007. Each segment consists of 99 readings sam-
pled at 15 min intervals. The EOFs associated with the seven largest eigenvalues,
complemented with a constant vector with elements all equal to 1/
√
99, provide the
basis for a sub-space spanned by M = 8 vectors of dimension 99. This sub-space
is sufficient to capture the bulk of tidal variations in segments of length 99 from
a 15-min stream recorded by any DART R© buoy. To process 1-min streams within
the SIFT system, the M vectors were re-sampled to a 1-min interval, yielding vec-
tors of length N = 15× 98 + 1 = 1471. Re-orthogonalization and re-normalization
produces vectors fm, m = 0, 1, . . . ,M − 1, satisfying fTmfn = 0 for m 6= n and = 1
for m = n. Figure 7 shows the resulting eight vectors.
Three steps are needed to accomplish detiding using the fm vectors. For the
sake of argument, suppose the vector y¯ contains a segment from a 1-min stream of
length N = 1471 (i.e., approximately one lunar day). First, we project this segment
onto the vectors fm to obtain M coefficients cm = f
T
my¯. Second, we estimate the
tidal component by taking the M vectors, multiplying them by their corresponding
coefficients and then adding together the resulting scaled vectors. Finally, this
estimate of the tidal component is subtracted from y¯, yielding the detided data d.
Mathematically, we can write
d = y¯ − Fc with c = FT y¯, (7)
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where F is a N ×M matrix whose columns are f0, . . . , fM−1, and c is a vector
containing the M coefficients. Letting y¯n and Fm,n denote, respectively, the nth
element of y¯ and the (m,n)th element of F and momentarily regarding
N−1∑
n=0
(
y¯n −
M−1∑
m=0
cmfm,n
)2
as a function of c0, . . . cM−1, we note that setting cm equal to fTmy¯ results in
minimizing the above sum of squares.
We can generalize this technique to handle the case of irregular sampling by
the following simple procedure, which ignores the distinction between the 1-min
and 15-min streams. For a span of N = 1471 minutes of interest, construct a vector
y˜ of length N that contains all available values from either one of the streams. Let
wn = 1 if the nth element y˜n of y˜ is actually available from one of the streams,
and let wn = 0 if it is not available. We set c such that
N−1∑
n=0
wn
(
y˜n −
M−1∑
m=0
cmfm,n
)2
(8)
is minimized with respect to c0, . . . , cM−1. Minimization of (8) is a least squares
problem whose associated normal equations are
HTHc = HT y˜, (9)
where H is an N ×M matrix whose (n,m)th element is wnfm,n. The system (9)
has a numerically viable solution as long as the symmetric M ×M matrix HTH
is not poorly conditioned. In this case the detided data are contained in
d = y˜ −Hc with c = (HTH)−1HT y˜. (10)
The third row of Fig. 6 shows detided BP measurements dn produced by the
EOF method. In contrast to the two methods based on harmonic analysis, the
values that are subtracted from the 1-min stream to accomplish EOF detiding
depend upon the stream itself and hence can change as different amounts of this
stream are utilized, as this example illustrates. In particular we see a systematic
upward drift when utilizing data less than or equal to the first full wave, but this
drift disappears when we use data one hour past the end of the first full wave.
The five estimates αˆ corresponding to different amounts of data are listed in the
third row of Table 3. For the three largest amounts of data, these estimates are an
improvement in this example over the ones we obtained from the two harmonic
methods.
4.3 Kalman smoothing method
Kalman smoothing (KS) has been used in numerous applications as a method for
optimally smoothing time series as new values of the series become available over
time. The optimality of this procedure is contingent upon our ability to adequately
describe the underlying dynamics of the time series in terms of a so-called state
space model. KS-based detiding has been advocated before (see Consoli et al.,
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2014, and references therein), but the approach we describe here for detiding data
from DART R© buoys differs from previous approaches in important aspects (for
detailed expositions on KS, see Brockwell and Davis, 2002; Durbin and Koopman,
2012; Shumway and Stoffer, 2011).
Our KS approach is a two-stage procedure. As before, let y¯n represent the
1-min stream from a given scenario to which we have added an artificial tsunami
signal. The first stage is to detide y¯n using the first harmonic modeling method,
yielding the detided series dn, n = 0, 4, 8, . . ., via Equation 6. Merely to simplify
equations that follow, we reindex this first-stage detided series by defining d˜n =
d4n, n = 0, 1, 2, . . .. The second stage applies KS to d˜n, for which we assume a
local level model (also called a random walk plus noise model; see Brockwell and
Davis, 2002; Durbin and Koopman, 2012). This model consists of two equations,
the first of which is known as the state equation, and the second, the observation
equation. The state equation takes the form
µn+1 = µn + ζn, n = 0, 1, 2, . . . ,
where µ0 is the initial state variable, and ζn is a white noise sequence with mean
zero and variance σ2ζ . The observation equation takes the form
d˜n = µn + δn, n = 0, 1, 2, . . . ,
where δn is another white noise sequence with mean zero, but now with time-
varying variance σ2δ,n (the sequences δn and ζn are uncorrelated). The intent with
this model is to use µn to track any tidal component left over in the first-stage
detiding d˜n and to compensate for the presence of the tsunami signal by adjusting
σ2δ,n appropriately. Based upon the initial state variable µ0, the first-stage detided
data d˜0, . . . , d˜n and the parameters σ
2
ζ and σ
2
δ,n, there is an elegant set of equations
known as the Kalman recursions that give the best (in the sense of minimum mean
square error) linear estimates of the unknown state variables µ1, . . . , µn. We denote
these estimates as µˆ1|n, . . . , µˆn|n. For a fixed index m ≤ n, the estimate µˆm|n of
µm changes as n increases, i.e., as more and more of the first-stage detided series
becomes available. Given d˜0, . . . , d˜n, we define the KS-based detided series to be
δˆm = d˜m − µˆm|n, m = 0, 1, . . . , n.
The corresponding estimate of the source coefficient α is given by Equation 3,
where now the vector d contains the δˆm variables.
The unknown parameters that we must set to implement KS-based detiding
are µ0, σ
2
δ,n and σ
2
ζ . For purposes of this paper, we just use d˜0 to estimate µ0;
however, to offer some protection against rogue values, the operational version of
SIFT has an option for using the median of d˜0, . . . , d˜4. Our estimate σˆ
2
δ,n of σ
2
δ,n
is the sample variance of the seven variables d˜n−3, . . . , d˜n+3, with estimates for
the first three variances σ2δ,0, σ
2
δ,1 and σ
2
δ,2 being set to σˆ
2
δ,3 (estimates for the last
three variances are handled in an analogous manner). We determined a setting
for the final parameter σ2ζ in the following manner. For all 1000 scenarios for a
given pairing of a buoy and an artificial tsunami signal with the source coefficient
α = 6, we used the KS detiding method to compute source coefficient estimates
αˆi, i = 1, . . . , 1000, over a grid of values for σ
2
ζ and for various amounts of data. We
then determined which value minimized
∑
i(αˆi − 6)2. Different pairings of buoys
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and signals and different data lengths led to different minimizing values. We set
σ2ζ = 6.25×10−13 after considering a large collection of representative pairings and
data lengths – while this value was not optimal for all such pairings and lengths,
it performed well overall.
The fourth row of Fig. 6 shows detided BP measurements δˆn produced by
the KS method. The starting point for this method is the detided series shown
in the first row, which was produced by the first harmonic modeling method. A
comparison of these two detided series shows that the KS method has eliminated
the downward trend that is evident in the first seventy minutes of the detrended
series produced by harmonic modeling. In contrast to the first three methods,
there is no evidence in the KS detided series of a drift or offset that might be
attributable to lingering tidal fluctuations. Similar to EOF detiding, KS detided
values can change as different amounts of the 1-min stream are utilized, but the
changes in the KS method are smaller than those for the EOF method in this
example. The five KS-based estimates of αˆ corresponding to different amounts of
data are listed in the fourth row of Table 3. For this example, these estimates
are closer to the true value α = 6 than the ones corresponding to the first three
methods.
4.4 Harmonic modeling method with joint source coefficient estimation
The four detiding methods we have considered so far are similar in that they
all produce a detided series d. We then use d to produce an estimate αˆ of the
source coefficient via the OLS estimator of Equation 3. The fifth and final method
estimates the tidal component jointly with the source coefficient based on just the
1-min stream (merely to simplify the description below, we assume this stream to
be gap-free, but it is easy to reformulate this method to handle gaps). This joint
estimation method is based on the model
y¯ = µ1 +
2∑
m=1
(Bmcm + Cmsm) + αg + e, (11)
where y¯ is an N dimensional vector containing a portion of the 1-min stream from
a scenario to which the artificial tsunami signal 6g has been added; 1 is a vector
of ones; cm is a vector whose elements are cos (ωmn∆), n = 0, . . . , N − 1, with ω2
and ω1 being, respectively, the tidal frequency M2 and half that frequency and
with ∆ = 1 min; sm is analogous to cm, but with sines replacing cosines; e is a
vector of errors (presumed to have mean zero and a common variance); and µ,
B1, C1, B2, C2 and α are unknown parameters. In essence, this method estimates
the tidal component via a two-constituent harmonic model (as alternatives to
this model, we also considered harmonic models with other than two constituents
and polynomial models of various orders, but the two-constituent harmonic model
worked best overall for joint estimation of α). Equation 11 can be rewritten as
y¯ = Xβ + e, (12)
where X is an N × 6 design matrix whose columns are 1, c1, s1, c2, s2 and g,
while β = (µ,B1, C1, B1, C1, α)
T is a vector of coefficients. The OLS estimate
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βˆ = (µˆ, Bˆ1, Cˆ1, Bˆ1, Cˆ1, αˆ)
T of β satisfies the normal equations
XTXβˆ = XT y¯ and hence βˆ = (XTX)−1XT y¯, (13)
subject to the invertibility of XTX (in the study discussed in Sect. 5, no instances
of non-invertibility were encountered). We can take the detided series for this
method to be
d = y¯ − µˆ1−
2∑
m=1
(
Bˆmcm + Cˆmsm
)
. (14)
A strength of this detiding method is that, in contrast to the other four methods,
it does not make any use of the 15-min stream, which, as we’ve noted before, was
entirely missing in one actual tsunami event.
The fifth row of Fig. 6 shows detided BP measurements d produced by the
joint estimation method, with the five estimates of αˆ corresponding to different
amounts of data being listed in the fifth row of Table 3. Although in this example
the detided series for this and the KS method are visually similar to each other,
the joint estimation-based αˆ estimates are always closer to the true value of α = 6
than the KS-based estimates.
5 Comparison of five detiding methods
Here we compare the five detiding methods described in the previous section by
considering how well each method estimates the source coefficient α from simulated
tsunami events constructed as per Equation 2 (an example of one such event is
shown in Fig. 3). For each of the 47 buoy/unit source pairings listed in Table 2, we
constructed 1000 simulated events based upon the 1000 scenarios created for each
buoy. For each such event and for five different amounts of data from the 1-min
stream ranging from a quarter of the first full wave (1/4 FFW) of the tsunami
signal up to an hour past the end of the FFW, we estimated α using the five
detiding methods, thus yielding 47× 1000× 5 = 235, 000 estimated coefficients for
each method. The task at hand is to summarize how well each method did.
We start by considering results for the pairing of buoy 52402 with unit source
ki060b (this same combination is used in all or part of Figs. 2 to 6 and in Table 3).
Figure 8 has five rows, one for each of the five methods. The dots in a given row
show the 1000 estimates αˆ derived from data just up to 3/4 FFW. Ideally we would
like to see estimates that cluster tightly around the true value α = 6 (indicated
by a blue dashed line). The scatter in the estimates for the two methods based on
harmonic analysis (top two rows) is much larger than that for the three remaining
methods. With only a few exceptions, this pattern persists for all 47 buoy/unit
source pairings and for all five amounts of data and tells us that these two methods
are not competitive with the other methods.
The distribution of the estimates in each row of Fig. 8 is summarized on the
right-hand side by a boxplot (Chambers et al., 1983). The central box in each
boxplot has three horizontal lines, which indicate, from bottom to top, the lower
quartile, the median and the upper quartile of the data. The short horizontal line
below the central box is the lower hinge, which indicates the estimate αˆ that is
closest to – but not less than – the value of the lower quartile minus 1.5 times the
interquartile distance (the upper quartile minus the lower quartile). The upper
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hinge has a similar interpretation, with ‘not less than’ replaced by ‘not greater
than’ and with ‘lower quartile minus’ replaced by ‘upper quartile plus’. Any es-
timates αˆ that happen to be either smaller than the lower hinge or greater than
the upper hinge are indicated by circles. Because the variability in the estimates
for the first two methods is so much greater than those for the three remaining
methods, only the boxplots for the former are clearly visible in Fig. 8. Figure 9
shows boxplots for the just latter three methods on a common scale, but now for
all five amounts of data rather than just data up to 3/4 FFW. These boxplots
show that the EOF estimates tend to be biased low when using data less than
or equal to 3/4 FFW, whereas the KS estimates are biased high, but to a lesser
degree (the boxplots show medians, but there would be no noticeable differences
had we shown sample means rather medians in Fig. 9). By contrast there is little
evidence of bias in the joint-estimation estimates. For estimates based on data
up to the FFW or smaller amounts, the spreads of the distributions are generally
greatest for the EOF estimates and smallest for the joint-estimation estimates.
Figure 10 summarizes the spreads in the distributions involved in Figs. 8 and 9
via root-mean-square errors (RMSEs), i.e.,
√
(
∑
i(αˆi−6)2/1000). By this measure
the two methods based on harmonic analysis are about an order of magnitude
worse than the best method (joint estimation). With almost no exceptions, this
poor RMSE performance persists through all 47 buoy/unit source pairings and
all five amounts of data under study. The joint estimation method outperforms
the EOF and KS methods, but the former becomes competitive when the largest
amount of data is used, and the latter, for the smallest and two largest amounts.
Increasing the amount of data from 1/4 FFW to FFW results in approximately
half an order of magnitude drop in RMSE for all five methods (Table 2 indicates
that the time it takes to collect the extra data from 1/4 FFW to FFW is 14 min
for this particular buoy/unit source pairing).
Figure 11 is similar to Fig. 10, but now shows RMSE plots for the twelve
representative buoy/unit source pairings shown in Figs. 4 and 5. To simplify this
figure, we do not show results for the two non-competitive methods based upon
harmonic analysis. The joint estimation method tends to outperform the EOF
and KS methods when more than 1/4 FFW of data is involved, but not uniformly
so (the pairing of buoy 51407 with unit source cs100b in the middle plot on the
bottom row offers a counterexample). The KS method generally outperforms the
EOF method. There are a number of instances in which RMSE increases for the
EOF and KS methods when the amount of data increases from 1/4 FFW to 1/2
FFW. This pattern is counterintuitive since more data should imply a more stable
estimate of α; however, this behavior is confirmed by an analytic theory in which
the tsunami’s partial waves are regarded as a filter on the tides.
Figure 12 has five plots, one for each amount of data under study, with points
indicating ratios of RMSEs involving all 47 twelve buoy/unit source pairings. The
ratios are formed by taking the RMSE for either the EOF, KS or joint estimation
method and dividing it by the best RMSE amongst all five detiding methods. A
ratio of one for a particular method indicates that it is the best method. The top
plot is for 1/4 FFW and shows the KS and joint estimation methods about evenly
divided for best-method honors. The buoys are ordered such that those that are
separated most in distance from their unit sources (51406, 51407 and 44401) are on
the right-hand side of the plots. The KS method generally outperforms the joint
estimation method for these buoys, which tend to have lower signal-to-noise ratios
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than the buoy/unit source pairings on the left-hand side of the plot. As the amount
of data increases beyond 1/4 FFW (four bottom plots), there are increasingly fewer
pairings where the joint estimation method fails to be the method of choice. We
also note that the disparity amongst the three methods tends to decrease as the
amount of data increases.
Finally, we note that, as alternatives to RMSE as a summary measure, we also
considered the mean absolute error
∑
i |αˆi− 6|/1000, the maximum absolute error
max{|αˆi − 6|} and the maximum absolute negative error, i.e., max{|αˆi − 6|} with
i ranging over values such that αˆi < 6. These last two measures are based on
worst-case scenarios, which are of considerable operational interest; in particular,
the last measure focuses on worst-case underestimation of α, which can lead to
forecasting coastal inundations that are too small. All three additional measures
lead to the same conclusions we drew using the RMSE: the joint estimation method
is generally to be preferred over the EOF and KS methods, and the two methods
involving only harmonic analyses are not competitive.
6 Example: March 2011 Japan tsunami
Here we apply the five detiding methods to data collected during the devastating
2011 Japan tsunami, which was generated by the great Mw 9.0 earthquake that
occurred on March 3rd at 05:46:23 UT (t0) (Tang et al., 2012; Wei et al., 2012;
Wei et al., 2014). Several DART R© buoys recorded this event, including buoy 52402.
Figure 13 shows the data from 52402 we make use of here. The data consist of
a 15-min stream starting 29 days prior to t0 and ending 2.0 hrs before t0, and a
1-min stream starting 1.8 hrs prior to t0 and ending a day after t0 (there is a small
gap in the 15-min stream around 14 days prior to t0).
The first method uses a 6 constituent harmonic analysis based on the 29 days
of data prior to the event time t0 (these are mostly from the 15-min stream, but
there are 1.8 hours from the 1-min stream). The top plot in Fig. 14 shows the
corresponding detided series, which is the difference between data from the 1-
min stream recorded after t0 and predicted values based on the fitted harmonic
model. This series shows rapid fluctuations starting about 10 min after t0 and
dissipating after about 90 min. These are evidently due to seismic noise from the
earthquake. Ignoring this noise, the detided series starts at a positive intercept
and then rises almost linearly until about 210 minutes, at which point the tsunami
signal becomes evident. The five black circles are subjectively chosen markers of a
quarter of the first full wave (FFW), a half, three quarters, the end of the FFW
and one hour past the end of the FFW (these occur at, respectively, 225, 232, 236,
245 and 305 min after t0). The true tidal fluctuations are of course unknown, but
a reasonable conjecture is that the linear increase in evidence here is actually a
tidal component that the first method failed to properly extract.
The second method uses a 68 constituent harmonic analysis based on 465
days of data collected by buoy 52402 between 12/13/2006 and 3/21/2008, i.e.,
well before the 2011 Japan tsunami. The detided series, shown below the top
plot in Fig. 14, is again the difference between data from the 1-min stream and
predicted values based on the fitted harmonic model, but with the mean level of
the predictions adjusted using the 29 days of data prior to t0. In comparison to
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the first method, there is now only a slight linear increase in the first three hours,
but the positive intercept is larger.
The third method is EOF-based and yields detided series that depend on the
amount of the 1-min stream after t0 we wish to detide. The middle plot in Fig. 14
shows five detided series color coded to indicate the amount of data used (red,
green, cyan, magenta and black for data ending at, respectively from left to right,
the locations of the five solid circles, and starting 1470 minutes earlier). Differences
between the displayed detided series at the same location in time are typically
small, but do get as large as 5.7 cm. Ignoring seismic noise, all five detided series
are relatively flat out to 150 min, after which they exhibit a noticeable dip prior
to the arrival of the tsunami signal. While we might be tempted to regard this dip
as a remanent tidal component, caution is in order since true tidal fluctuations are
unknown.
The fourth method – Kalman smoothing – is similar to the EOF method in
that the detided series depends on the amount of the 1-min stream to be detided,
but is dissimilar in that detiding involves data prior to t0 only indirectly because
the starting point for the KS method is the detided series provided by the first
method. The next-to-bottom plot in Fig. 14 shows five detided series color coded
in the same manner as before. The differences between the detided series at the
same point in time are again typically small, with the largest difference now being
0.7 cm. There is only a slight hint here of the dip readily apparent in the EOF
detided series.
Similar to the EOF and KS methods, the final method (a 2 constituent local
harmonic analysis with joint source coefficient estimation) yields detided series
that depend upon the amount of the 1-min stream to be detided, but, in contrast,
it makes no direct or indirect use of any data prior to t0. This method, however,
does depend upon a suitable model for the tsunami signal. Percival et al. (2014)
discuss selection of unit sources for the Japan tsunami using an objective automatic
method. The selection is based on data from three DART R© buoys (21401, 21413
and 21418) located much closer to the epicenter of the earthquake than buoy 52402
is. These buoys registered the tsunami signal within 5 min after t0, well before it
arrived at buoy 52402 more than 3 h later. The automatic method selected seven
unit sources g1, . . . , g7 to model the tsunami signal. Accordingly, we need to
adjust the joint estimation method to make use of seven unit sources rather than
just one. We do so by suitably redefining the design matrix X and the vector of
coefficients α in Equation 12. Thus X is now of dimension N × 12, with its first
five columns being as before and with its next seven columns now being g1, . . . ,
g7; correspondingly, β is augmented to dimension 12, with its last seven elements
being the source coefficients for the unit sources. After these adjustments to X and
β, we produce the detided series using the same equations as before (13 and 14).
The bottom plot in Fig. 14 shows detided series for the joint estimation method
(five in all corresponding to different amounts of data). These series are visually
quite similar to the KS detided series, but the largest difference between the joint
detided series is larger (3.6 cm) than for the KS series (0.7 cm).
It is important to note that, in contrast to the other four methods, the joint
estimation method is dependent upon a suitable model for the tsunami signal.
To demonstrate this fact, the two plots in Fig. 15 show detided series using the
joint estimation method, but based upon different models. The top plot is the
same as the bottom plot in Fig. 14, for which the detided series utilize a model
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involving seven unit sources. In the bottom plot the detided series use a model
based on only one of these seven sources (ki026b). The magnitude of the earth-
quake that generated the 2011 Japan tsunami was so large that it is physically
unrealistic for the signal to be well-modeled by a single unit source (Papazachos
et al., 2004). The detided series from this presumably inadequate model have low-
frequency fluctuations in the first three hours that are not evident in the top plot
(or in the KS-based detided series, which are shown in the next-to-bottom plot of
Fig. 14). These fluctuations are best attributed to a failure on the part of the joint
estimation method due to an inappropriate model.
7 Conclusions and discussion
We have undertaken a comprehensive comparison of five methods for estimating
the source coefficient α based upon DART R© buoy bottom pressure (BP) data
collected during a tsunami event (this coefficient reflects the strength of the event
and is used to provide initial conditions for predicting coastal inundation). Any
method for estimating α must deal with the fact that the variability in BP data
is typically dominated by tidal fluctuations, and hence all viable methods must
detide the data in some explicit or implicit manner. The five methods under study
have been entertained as part of the on-going development of the SIFT application,
a tool developed at NOAA for use by U.S. Tsunami Warning Centers for real-time
assessment of tsunami events.
The clear method of choice is a scheme by which α is estimated jointly in
a regression model that accounts for the tidal components using sinusoidal con-
stituents involving the tidal frequency M2 and half that frequency. This method is
particularly convenient from an operational point of view in that it does not make
direct use of data occurring prior to a tsunami event, as is true in varying degrees
for the four other methods under study. Amongst the four remaining methods,
the Kalman smoothing (KS) method performed best overall in our study. In some
cases, the EOF method is competitive with the joint estimation and KS methods,
but the two methods based on only harmonic analyses proved to be markedly in-
ferior to the other three methods. Note that we evaluated the performance of the
EOF method using a specific set of eight basis vectors adapted for use within the
SIFT system. We limited this set to eight vectors due to the fact that only this
number of vectors defines a location-independent tidal sub-space, should the set
be derived using data from a single buoy, as was the case here (Tolkova, 2010).
Expanding the set of vectors by deriving them from multiple buoys might allow
for more accurate detiding.
Despite the fact that our study points to the joint estimation method as the
method of choice, some caution is in order. A presumption behind our study is that
the model for the tsunami signal is known perfectly, which is obviously unrealistic
in practice. The issue of model mismatch must therefore temper our conclusions,
a point that is reinforced by the discussion surrounding Fig. 15. For graphical
presentation of detided series within SIFT, the fact that the KS method does not
depend on an assumed model for the tsunami signal – but often compares favorably
with the joint estimation method – suggests its use. As currently implemented,
the KS method uses the output from the 29-day harmonic analysis method as its
starting point. In cases where the 15-min stream is not available over much of
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the preceding 29 days, the blanket harmonic method could provide a model-free
detiding for display purposes, as could the EOF method if the 15-min stream were
available going back about a lunar day from the start of the tsunami signal. There
is thus potential use within SIFT for all five methods we have studied. As of this
writing, the current version of SIFT supports the 29-day harmonic analysis, EOF
and KS methods, and there are plans to implement the joint estimation method
within an overall scheme for automatically selecting unit sources to serve as models
for the tsunami signal.
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tidal
buoy location range type of tide start/stop days
21416 North Pacific 1.28 m mixed-diurnal 07/25/2007 708
07/01/2009
46403 North Pacific 2.78 m mixed-semidiurnal 08/21/2007 423
10/16/2008
46404 North Pacific 3.26 m mixed-semidiurnal 12/06/2007 541
05/29/2009
32411 East Pacific 1.70 m semidiurnal 03/27/2007 766
04/30/2009
32412 East Pacific 0.67 m mixed-diurnal 11/01/2007 709
10/09/2009
52402 West Pacific 0.67 m mixed-diurnal 12/13/2006 465
03/21/2008
41420 West Atlantic 0.84 m mixed-semidiurnal 06/25/2008 321
05/11/2009
42407 West Atlantic 0.24 m diurnal 04/10/2006 756
05/04/2008
51406 mid-ocean Pacific 1.87 m semidiurnal 09/04/2006 623
05/18/2008
51407 mid-ocean Pacific 0.83 m mixed-diurnal 08/08/2007 728
08/04/2009
44401 mid-ocean Atlantic 0.95 m mixed-semidiurnal 08/31/2007 998
05/24/2010
Table 1 Eleven representative DARTR© buoys used in detiding study. The buoy locations are
shown by triangles on Fig. 1. The tidal range is a mean daily range as estimated from the
harmonic constituents described in Sect. 4.1 for the second harmonic method (Mofjeld et al.,
2004). The type of tide is also based upon these constituents (Parker, 2007). The start/stop
dates are those associated with the bottom pressure data retrieved from the particular buoy,
and the column marked ‘days’ gives the number of days spanned by the data.
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buoy unit source 1/4 1/2 3/4 full period (min) range (cm)
21416 ac005b 54 56 57 64 13 4.6
ac010b 69 72 74 77 11 2.2
ki002b 49 54 56 63 19 1.6
ki007b 29 31 32 36 9 11.8
ki012b† 46 49 52 55 12 3.1
46403 ac026b 23 26 30 35 16 3.5
ac029b† 13 15 17 21 11 13.1
ac032b 30 35 37 42 16 2.9
46404 ac055b 41 46 50 73 43 2.4
ac059b 27 29 31 37 13 9.0
ac063b† 43 49 53 68 33 2.3
32411 cs019b 82 85 88 91 12 2.7
cs027b† 67 69 72 74 9 5.3
cs032b† 103 106 111 114 15 2.0
cs040b 144 147 152 156 16 3.0
cs045b 127 131 135 153 35 1.0
cs049b 148 151 155 158 13 3.4
32412 cs053b† 102 105 108 112 13 1.4
cs061b 79 81 84 87 11 4.0
cs070b 121 124 128 131 13 1.6
52402 ki050b 70 73 78 83 17 1.5
ki055b 57 59 61 63 8 5.2
ki060b† 78 81 83 92 19 0.8
41420 at046b† 50 52 57 59 12 1.6
at051b 31 33 35 37 8 7.5
at056b 53 59 65 88 47 1.1
at092b 42 61 68 74 43 0.2
42407 at021b† 19 21 23 26 9 10.6
at037b 109 114 127 132 31 0.2
at090b 18 19 21 24 8 10.6
51406 cs004b 314 317 322 325 15 0.9
cs027b† 412 416 421 425 17 0.8
cs053b 404 408 414 419 20 0.5
cs080b 513 517 523 528 20 0.4
cs104b 567 572 576 588 28 0.8
nt008b 518 523 526 530 16 0.3
nt034b 408 412 417 422 19 0.2
51407 ac020b 285 289 292 294 12 0.3
ac065b 301 312 315 322 28 0.2
cs049b 718 723 730 735 23 0.2
cs100b† 919 929 938 942 31 0.6
ki005b 385 396 405 412 36 0.2
ki055b 454 461 474 478 32 0.2
nt037b 326 330 332 335 12 0.9
44401 at035b 130 134 138 142 16 0.3
at045b 59 61 63 66 9 2.8
at056b† 81 88 94 115 45 0.8
Table 2 Unit sources used with eleven DARTR© buoys. There are 47 pairings of buoys with
unit sources; however, only 42 distinct unit sources are involved because five of them (cs027b,
cs049b, cs053b, ki055b and at056b) are associated with two buoys. The locations of the 42
unit sources are shown by solid circles on Fig. 1. Each buoy/unit source pairing leads to
an artificial tsunami signal g. The columns labeled as ‘1/4’, ‘1/2’, ‘3/4’ and ‘full’ give the
approximate number of minutes from t0 that pass until a quarter of the first full wave, a half,
three-quarters and the first full wave of the signal appear (these points are hand-picked). The
‘period’ column gives a rough measure of the duration of the first full wave (it is equal to 4/3
times the difference between the full-wave and quarter-wave points). The ‘range’ column gives
the difference between the largest and smallest values in the signal g. The twelve buoy/unit
source pairings that lead to the signals shown in Figs. 4 and 5 are indicated by daggers.
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method 1/4 1/2 3/4 full full+1 hour
29 day HA 5.04 4.95 5.28 5.71 5.69
Blanket HA 9.25 9.77 8.55 6.90 6.28
EOF 7.72 7.16 6.70 6.24 5.77
KS 6.29 6.22 6.18 6.06 5.88
Joint Est. 6.03 6.02 5.98 5.99 6.02
Table 3 Estimates αˆ of source coefficient based on detided bottom pressure measurements
shown in Fig. 6. There are five different estimates for each method. These estimates correspond
to use of different amounts of data, which are indicated by black circles in Fig. 6. and described
in the caption to that figure. Agreement between αˆ and α = 6 tends to get better as the amount
of data increases. The fifth method (‘Joint Est.’, a 2 constituent local harmonic analysis with
joint estimation of the source coefficient α) does best overall in this example.
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Fig. 1 Locations of eleven DARTR© buoys (triangles) and 42 unit sources (solid circles). All
but two of the unit sources are located in subduction zones, which are shown by solid curves
(the remaining two are near New Zealand and Venezuela in areas where the plate boundary
does not have subduction characteristics, but is nonetheless capable of lesser seismic events).
The unit sources that are used with DARTR© buoys 44401, 51406, and 51407 are remote, and
dashed curves are used to show the buoy/unit source pairings via a Great Circle; the pairings
associated with the remaining eight buoys are linked by solid lines.
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Fig. 2 Scenario 943 constructed from data recorded by DARTR© buoy 52402 with starting
time t0 set to 9:21:00 UT on 27 June 2007. The points show the 15-min stream, which starts
29 days prior to t0, but has a 3-h gap just prior to it. The dark curve on the right-hand side
is the 1-min stream, which starts at t0 and ends one day later.
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simulated tsunami event
Fig. 3 Construction of simulated tsunami event. The upper plot is the 1-min stream from a
scenario for DARTR© buoy 52402 (this is shown in Fig. 2 as the dark curve on the right-hand
side). This stream is assumed to consist of tidal fluctuations and background noise summed
together, i.e., x + e from Equation 2. The middle plot shows αg with α set to 6, where g is
based on ki060b, one of the unit sources associated with 52402 (see Table 2). The bottom plot
is a simulated tsunami event y¯ formed by adding αg to x+ e.
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Fig. 4 Twelve artificial tsunami signals αg. Each signal is based upon a model for what
would be observed eventually over a 120-min segment of time at a particular buoy due to an
earthquake originating within a particular unit source (the starting time of each segment is
different for each signal). The source coefficient α is adjusted separately for each signal merely
for plotting purposes (the actual ranges for the unscaled g’s are listed in Table 2). There are
five hand-picked red points in each plot. These are associated with varying amounts of data
related to the first full wave of the signal, namely, the first quarter of the full wave, half,
three-quarters, all the full wave and one-hour past the end of the first full wave.
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Fig. 5 Twelve simulated tsunami events y. Each event is formed by adding the artificial
tsunami signal αg shown in Fig. 4 (but with α now set to 6) to the 1-min stream of a scenario
randomly chosen from amongst the 1000 scenarios for a given buoy. The vertical height of each
plot is 1.2m.
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Fig. 6 Detided bottom pressure measurements for simulated tsunami event shown in bottom
plot of Fig. 3. Each plot corresponds to one of the five methods under study. From top to
bottom, these are (1) a 6 constituent harmonic analysis (HA) based on 29 days of the 15-min
stream before t0 (the start of the 1-min stream), (2) a 68 constituent HA based on all available
15-sec data, (3) an empirical orthogonal function approach, (4) a Kalman smoother approach
and (5) a 2 constituent local HA with joint estimation of the source coefficient α. In plots (3)
to (5), there are five color-coded curves, each corresponding to detiding based upon one of
five different amounts of data (some curves in (4) and (5) are partially obscured because they
are virtually identical to other curves). Red indicates use of data from t0 up to a quarter of
the first full wave (FFW) of the tsunami signal; green, to half of the FFW; cyan, to three
quarters; magenta, to the end of the FFW; and black, to one hour past the end of the FFW.
The five ending times are shown by black circles (the first four are listed in Table 2 on the row
pertaining to buoy 52402 and unit source ki060b, and all five are shown as red circles in the
left-hand plots on the third rows of Figs. 4 and 5).
30 Donald B. Percival et al.
−0.08
−0.04
0.00
0.04
−0.08
−0.04
0.00
0.04
5 10 20
hours
5 10 20
hours
5 10 20
hours
5 10 20
hours
Fig. 7 Basis vectors fm, m = 0, 1, . . . , 7, used in EOF-based detiding. The vectors consist
of a constant vector f0 and vectors related to EOFs having the seven largest eigenvalues. The
vectors are arranged in the plot according to their number m of zero crossings.
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Fig. 8 Estimated source coefficients αˆ (dots) given by, from top to bottom, (1) a 6 constituent
harmonic analysis (HA) based on 29 days of the 15-min stream before t0 (the start of the
event), (2) a 68 constituent HA based on all available 15-sec data, (3) an empirical orthogonal
function approach, (4) a Kalman smoother approach and (5) a 2 constituent local HA with
joint estimation of the source coefficient α. Each estimate is based on data up to three quarters
of the first full wave from one of the 1000 scenarios for buoy 52402, to which has been added
an artificial tsunami signal based on unit source ki060b with source coefficient α = 6. The
dots for the estimates for scenario 943 are surrounded by a red triangle (this scenario is used
as an example in Figs. 2, 3 and 6 and in Table 3). The boxplot on each row summarizes the
distribution of the corresponding αˆ estimates (see text for details).
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Fig. 9 Boxplots for 1000 estimates αˆ based on simulated tsunami events constructed from
buoy 52402 and unit source ki060b. The estimates are based on, respectively, the EOF, KS
and joint estimation methods (top to bottom) and data up to (from left to right) a quarter
of the first full wave (‘qw’), half of the full wave (‘hw’), three-quarters (‘tqw’), the full wave
(‘fw’) and one hour past the end of the first full wave (‘hr’).
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Fig. 10 Root-mean-square errors for 1000 estimates αˆ based on simulated tsunami events
constructed from buoy 52402 and unit source ki060b. For each of five methods, RMSEs are
shown for estimates based on data up to (from left to right) a quarter of the first full wave
(‘qw’), half of the full wave (‘hw’), three-quarters (‘tqw’), the full wave (‘fw’) and one hour
past the end of the first full wave (‘hr’).
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Fig. 11 As in Fig. 10, but now for twelve buoy/unit source pairings shown in Figs. 4 and 5
and with two non-competitive methods based on harmonic analysis eliminated.
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Fig. 12 Ratio of RMSEs to best RMSE for five different amounts of data under study (top
to bottom plots), for 47 buoy/unit source pairings and for three methods (EOF, KS and joint
estimation, but with the best method chosen from amongst these three and the two methods
based on harmonic analysis). The ordering of pairings from left to right in the plots is the
same as the ordering from top to bottom in Table 2.
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Fig. 13 Data recorded by DARTR© buoy 52402 during March 2011 Japan tsunami with
starting time t0 set to 05:46:23 UT on 3/11/2011. The points show the 15-min stream, which
goes from 29 days up to 2.0 hours prior to t0. The dark curve on the right-hand side is the
1-min stream, which starts 1.8 hours prior to t0 and ends one day after t0.
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Fig. 14 Detided bottom pressure measurements for March 2011 Japan tsunami data shown
in Fig. 13. Each plot corresponds to a different detiding method. From top to bottom, these are
(1) a 6 constituent harmonic analysis (HA) based on 29 days of data before t0 (the start of the
event), (2) a 68 constituent HA based on 15-sec data recorded from 12/13/2006 to 3/21/2008;
(3) an empirical orthogonal function approach, (4) a Kalman smoother approach and (5) a 2
constituent local HA with joint estimation of source coefficients. See the caption to Fig. 6 for
an explanation of the black circles and the color-coded curves in the bottom three plots.
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Fig. 15 Detided bottom pressure measurements for March 2011 Japan tsunami data shown
in Fig. 13 using the method based on a two constituent local harmonic analysis with joint
estimation of source coefficients. The top plot here is identical to the bottom plot of Fig. 14,
for which the detided series are based on a model for the tsunami signal that is the linear
combination of six unit sources selected by an objective automatic procedure (Percival et
al., 2014). In the bottom plot, the detided series are based on a single unit source that is
presumably an inadequate description of the underlying tsunami signal. See the caption to
Fig. 6 for an explanation of the black circles and the color-coded curves in these plots.
